Red light, which produces the physiologically active form of phytochrome (Pfr), inhibited epicotyl elongation in intact dark-grown Alaska pea seedlings. This red light response was detectable 3 hours after the light treatment and became pronounced after 5 hours. The growth inhibition was completely reversed by far red light applied immediately after the red or by pretreatment of the seedlings with the plant hormone gibberellin A3.
The endogenous component of the regulatory system in plant photoperiodism and photomorphogenesis is thought to be phytochrome (13) , a red-far red photoreversible pigment system believed to act as photoreceptor in these light-regulated processes in plants. The pigment has now been largely characterized (2, 7, 13, 22) , but there are, as yet, no firm clues as to its mode of action (8, 9, 13) . Several possible mechanisms of action include: (a) control of membrane permeability (12) ; (b) differential gene activation (27) ; (c) phytochrome acting as an enzyme (1, 11, 13, 19, 23) . One responses controlled by the pigment system. There is, as yet, no direct or conclusive experimental evidence in favor of any of the proposed mechanisms of phytochrome action.
The work reported here was undertaken with a view to making some contribution to the presently available pool of information concerning the possible mode of action of phytochrome. The role of nucleic acids in the phytochrome-regulated pea epicotyl elongation system was studied. The Alaska pea epicotyl elongates very rapidly in the dark, drawing on the available stored food of the cotyledons. Red light inhibits this growth. The action of red light is reversed by pretreatment of the plants with the plant hormone GA or by far red light treatment immediately following the red light. This physiological system was studied with the following specific objectives in mind: (a) To find out if qualitative or quantitative changes, or both, in nucleic acids could be detected in epicotyls of red light-treated pea plants as compared to dark controls. Such changes must be reversible with far red light to implicate the phytochrome system. (b) To associate any changes in nucleic acids resulting from light treatments with changes in the physiological response, that is, epicotyl elongation. (c) To examine the GA reversal of red light-mediated inhibition of epicotyl elongation in terms of changes in nucleic acids.
MATERIALS AND METHODS
Plant Material. Seeds of the pea plant (Pisum sativum L., var. Alaska), obtained from Burpee seed company of Riverside, California, were imbibed in water for 4 hr, surface-sterilized by steeping for 20 Fractionation of Nucleic Acids. After dialysis, the crude nucleic acid solution was fractionated on a methylated albumin kieselghur column. Bovine serum albumin was methylated according to the method of Hayashi, Hayashi, and Spiegelman (10) , and the MAK2 columns were constructed exactly as described by Mandel and Hershey (18) . The elution was done at room temperature with an 800-ml linear salt gradient from 0.4 M to 1.2 M NaCl in 0.05 M sodium phosphate buffer, pH 6.7. After termination of the salt gradient, the column was washed with 100 ml of distilled and deionized water to remove all residual NaCI. The RNA not eluted by the salt gradient, tenaciously bound RNA, was eluted with 100 ml of 2% (w/v) SLS. Fractions of 2.4 ml (SLS elution) and 5 ml (salt elution) were collected, aliquots of 1 ml were dried in planchets and counted with a gas flow planchet counter, and absorbance at 260 nm was measured on the salt elution fractions.
Ribonuclease Treatment and Sephadex Chromatography of Nucleic Acids. The total nucleic acid extract, the tRNA fraction, and the TB-RNA fraction from MAK column chromatography were tested for sensitivity to RNase. Total nucleic acids were dissolved in 10 mm tris-HCI buffer, pH 7.4, containing 0.01 M MgCI2, for the assay. Bovine pancreatic ribonuclease, crystallized from ethanol, was dissolved in distilled, deionized water and added to the nucleic acid solution to give a final concentration of 50 jig ml-' of nucleic acids. The mixture was then incubated for 30 min at 37 C. The tubes from the MAK column corresponding to tRNA and TB-RNA fractions were pooled separately, and each sample was dialyzed against 9 liters of distilled, 10 deionized water (three changes of 3 liters each) for at least 36 hr. After dialysis, each sample was precipitated overnight with 2 volumes of -20 C ethanol and centrifuged, and the resulting id green pellet was dissolved in a small volume of tris-HCl buffer (pH 6.7, containing 0.01 M MgC12) and treated with RNase as described previously. RNase-treated and control samples were then chromatographed on Sephadex G25 columns equilibrated and eluted bapical with 10 mM sodium acetate buffer, pH 5. (Figs. 2 and 3 ). This inhibition was completely reversed by far red light, thus implicating the phytochrome system. The inhibitory effect of red light on growth was detectable after 3 hr following the light perturbation and became pronounced after 5 hr. The kinetics of growth was the same for irradiation times of 2.5, 5, and 10 min (Fig. 2) . This dose-response study showed that plants illuminated for 1 min tended to escape inhibition with time. These results are comparable to those reported by Russel and Galston (21) and by Lockhart using more elegant growth measurement techniques (17) .
Red light also produced significant changes in the radioactive profiles of nucleic acids resolved by MAK column chromatography. The over-all elution pattern was similar to that reported by other workers for plants (4, 5, 14) . The changes in profile were interesting in three ways (Table I and Fig. 4) . First, the changes were of a differential nature-not a general stimulation or inhibition of all nucleic acid species. Red light caused a 2-fold stimulation of 32p incorporation into tRNA and a 4-fold stimulation of 32p incorporation into the first radioactivity peak eluted from the MAK column. The identity of this peak, which has no absorbance corresponding to it, is not clear but is here referred to as the first isotope peak. On treated plants. The mRNA, DNA-RNA, and rRNA peaks were unaffected. The result of the differential response to red light was that the total number of counts incorporated into all nucleic acid fractions and the FIP fraction did not differ appreciably between control and red light-treated plants (Table I) , although the incorporation of isotope into the different nucleic acid fractions was markedly different. Second, far red reversal of the light effect on nucleic acids was not the same for all fractions (Fig. 5) . The red light-mediated stimulation of 32p incorporation into the FIP and tRNA fractions was completely reversed to control levels by far red light, whereas the red light inhibition of TB-RNA synthesis was unaffected by far red light treatment. The FIP and tRNA peaks may therefore be directly associated with phytochrome action while isotope incorporation into TB-RNA may be related to nonphytochrome systems such as chlorophyll synthesis or photosynthesis. Third, the nucleic acid changes discussed above were detectable 1 hr after the light perturbation, that is, before any changes in the growth response (epicotyl elongation) could be observed. It may be recalled that the inhibition of epicotyl elongation was detectable after 3 hr following the light treatment and became pronounced after 5 hr (Fig. 2) .
The red light-mediated RNA changes discussed above were observed in the labeling time of 60 min but not in the 30-or 120-min incubation experiments. Although the stimulating effect of red light on 32p incorporation into the FIP and tRNA fractions was no longer evident in the 120-min experiment, the level of isotope incorporation into these fractions was about the same in the 120-min incubation as the 60-min control incubation.
The effect of GA pretreatment on red light-mediated changes in RNA was also investigated since this plant hormone and far red light gave the same growth response, that is, reversal of red light-induced inhibition of epicotyl elongation (Fig. 3) . GA, A: 30-min; B: 60-min; C: 120-min labeling experiments. Explants were exposed to 1 mc, 0.3 mc, and 0.3 mc in A, B, and C, respectively. A higher isotope dose was used in A to give an equivalent sensitivity in the radioactivity determinations at this shorter incubation time. Thirty A260 units of nucleic acids were applied to the column in each experiment and eluted with a linear NaCl gradient from 0.4 to 1.2 M. Broken and dotted lines represent the radioactivity for the red light and control treatments, respectively. The numbers I through VII refer to the first isotope peak, transfer RNA, DNA and the RNA associated with it, light ribosomal RNA, heavy ribosomal RNA, "mRNA," and tenaciously bound RNA.
respectively, but this inhibitor of DNA-dependent RNA syn, thesis (3) decreased 32p incorporation into the FIP fraction bonly 22%. Ribonuclease (Fig. 7) almost completely hydrolyzed the tRNA and TB-RNA fractions, but FIP was insensitive to the enzyme. These results show that tRNA and TB-RNA are ribonucleic acids, but FIP appears to be a polyphosphate or some other non-nucleic acid species.
The true molecular identity of TB-RNA is not known. It is probably a heterogeneous fraction, the simplest characteristics of which are its tenacious binding to MAK columns and its very high adenine content (16 (8, 9, 12 ).
An explanation of phytochrome-regulated Alaska pea epicotyl elongation may therefore be attempted on the basis of one or the other of these two hypotheses. The membrane permeability theory seems untenable from at least two considerations. First, Lockhart (17) has shown that the permeability of Alaska pea epicotyl protoplasts to water is unaffected by red light treatment which produces the physiologically active form (Pfr) of phytochrome. Second, Hendricks and Borthwick (12) have suggested that a phytochrome effect on membrane permeability, as a primary control, could produce a variety of effects which might include eventually derepression of some genes. It is unlikely that a cell membrane permeability change would cause a differential rate of synthesis of different nucleic acid species, as observed in this study; it could, however, alter the synthesis of all nucleic acid species. A differential gene activation mechanism, on the other hand, could account for phytochrome action in the Alaska pea epicotyl elongation system.
The results of this study are consistent with the theory of differential gene activation as a possible mode of action of phytochrome. To our knowledge, this is the first time that direct experimental evidence of this kind has been presented in support (12, 20) . Evidence of this nature, alone, is not entirely satisfactory. In order to lend credence to the idea that the mechanism of phytochrome action involves differential gene activation, it is necessary to demonstrate unequivocally that changes in RNA occur in a time sequence consistent with a cause-effect relationship to the physiological response. This has been achieved in this study via the time sequence of RNA change followed by growth rate change. Mohr's failure to detect changes in total RNA, following light treatment of S. alba seedlings, is not at variance with our results. We observed that total incorporation of isotope into all nucleic acid fractions of the Alaska pea epicotyl was not affected by red light treatment, but the pattern of RNA synthesis was altered by a single 5-min red light perturbation in the 1-hr labeling experiment.
More work needs to be done in order to establish the generality of this mechanism in other phytochrome-controlled systems. The primary action of phytochrome may be at the nucleic acid level, while the kind of physiological response manifested may depend on the organ or tissue. It is also possible that phytochrome may operate through more than one primary control, only one effect being required to produce a physiological response in a particular plant tissue or organ. For very rapid phytochrome responses of a myctinastic nature, such as the leaf movement response of Mimosa pudica, a turgor change (possibly involving regulation of membrane permeability) may be all that is required to produce the response, while in others, such as the Alaska pea epicotyl elongation system, a phytochrome effect at the nucleic acid level may be essential for the response.
The observed red-far red reversibility in the synthesis of the tRNA-like fraction, compared to other nucleic acid fractions, may draw special attention to the possible role of this nucleic acid species in the physiological response. It may seem inconsistent, at first, that the red light-mediated growth inhibition is preceded by a significant red light-induced increase in tRNA synthesis. Click and Hackett (6) have reported that the tRNA content in young leaves from a given higher plant is greater than that in the stem or root and have attributed this to the high metabolic rate of the leaf compared to the other organs. In line with this observation, the red light-induced increase in tRNA synthesis in the Alaska pea epicotyls could reflect an increase in the number of metabolic processes of the light-treated plants compared with the dark controls. Red light treatment of dark-grown Alaska pea seedlings turns on new physiological and biochemical events, including hook opening, stem thickening, leaf expansion, chlorophyll formation, photosynthesis, and other light-requiring processes. All these responses are dependent on protein synthesis at one point or another. A light-induced differential change in tRNA synthesis could cause a decrease in the level of elongation-specific protein synthesis. Far red light treatment, immediately following the red, then restores the etiolated condition both in respect to the pattern of RNA synthesis and in the form of growth.
The disappearance of the red light effect on tRNA and FIP by 120 min suggests that there is a rapid turnover of the RNA in these fractions. Johri and Varner (16) also observed a rapid turnover of tRNA in peas. In their experiment, a 2-hr chase with cold phosphate in the presence of actinomycin D resulted in the loss of most of the counts in tRNA. In light of these observations our results suggest that there is a temporary increase in the rate of tRNA synthesis following red light. Owing to the rapid turnover of tRNA, such an effect would be observable for a short period only.
Although GA and far red light both caused reversal of red light inhibition of pea epicotyl elongation, far red light reversed the red light-stimulated tRNA synthesis, whereas GA did not. In fact, GA appeared to enhance even further the red lightinduced 32p incorporation. Interactions of red light and GA are complicated by the residual nature of the hormone, compared to the instant on-off nature of a light treatment. However, these results should cause further questioning of how GA and red light responses are related.
